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Optical Measurements of Surface Oxide Layer Fotmation on Metal Films

Marion L. Scott

Materials Science and Technology Division
Los Alamos National Laboratory

Los Alamos, NF 07545

M- have F+IIpl OyPd tun Optiral tPChnil!JP< whirh rfivP cmplefnmntary indications n{
the fornmtion of monolayer nf oxide on freshly evaporated aluminum, and silicon thin
films. Visible ellipscmtry is utilized to observe thp grcwth of the initial monolayer
of oxide on these films. Frcm these data, we deduce the pressure and coverage depen-
dence a. WP1l ds the growth rate for thp initial monolay~r arising frcan thps~ surface
reactions. In addition, extreme ultraviolet [XI-IV)reflectance vs angle of inc+dence
measurements at 5R.4 nm wavelength clearly indicate the growth of oxide on the surface
of our frwhly deposited aluminum and silicon films as well. HP have utilizpd thfs
reflectance data to de~ucp the optical constants of aluminum and si licon at 58.4 nm.
He find that previous XUV measurements of these optical constants were h?mpered by the
presi=r,cp of oxid~s . HP also detpnnined that the XUV rpflectivit,v p~rfonnanct= of
aluminum fi Ims freshly d~posit~d in our UHV system do!,. not degrade appreciably when .
stored for four wpeks in a hel ium atmosphere of 2 x 1(J 1 Torr.

Key words: aluminum; ellipsc+netry; nxidatinn;
Xuv,

reflectance; silicon; IIHV films;

1. Introduction

Appl ications for XUV qrazing incidencp reflectors range from resonator mirrors for an XUV
frr+-eli=ctron Iaxt=r to imaging optics for XUV photnl ithography and s,vnchrntron optics [ 1,?].
These applications can takp advantage of thp total -external -reflpcta?cp (TER) which ocrurs for
aiuminwr and Silicou in thp Pxtrr.mr ultravlolpt (XUV). The per fonnanc~ of thesp grdzing inci-
dence rIJfltw.tors can tw= significantly dfqradrd hy thp prespnrr of oxide surfacp layprs that form
OP th~ thin fi lm rCIfl?ctors wht=n thry arp Pxposvd to th~ atmns.pherp [3-tfl. HP havp undt=rt~ken a
study of th~ formation of surface oxidP l~ycrs that form on aluminum cnd silicon thin films
depositpd in our ultra-high vacuum (UHV) deposition systpm [91. W utill?p in situ vtsihlp
Plllpsometr.v to ohsrrvv the tlnw evolut inn of thv surface nxlridtlnn and in s~ rt1flf,Lf(M7WtrY

to dptwminr mntrrit+l optichl constants and thr loss of XIIV rpflertancp ~fi-fiIO oxidized sur -
fil(r.

7. UIW Depo!.i tinn and Analysi+ Chamhrr

Our UHV rhamhor ii Capdhlr of a ha$v prrssurr of 2 Y 1(1‘Ir I{)rr whf.flIt IS fully hakrrf a!

700”C for ;’fl-4}~hour~ Thv pump,. nn t.hu sv~[-m arr [Iil-f~or ($nrpt ion/ lnn/rr,vn pumps) tt,fiv[,id
an.v Prnhl rm~ wi th carhnn {ontaminat 1011. I@at Inq of our chamhot i< arrnmpll~hr[l with a fnmhln,!-
I~1111 of quflrl~ laml]< 11,:.idr thr ch(lmhrr and Pxtrf’ndl h~al inq tapp~. Ihr IIlrIfrnn hrom snur( II aIId

qu,lrt f ( ryst,ll ttlln f i lm tlI II knps!, mnn itor arc watrr (IIOIVd. Thv Ijump down svquIIm I, fIIr thi,.
rhdmhvr, whlLh III(lm-fr~ a hakmut . I’r[IuIrr~ nnr ,Inr!,1ha 1f tII IWII d,l,y,, , Thr rhaml)f, t II. llllII. -

trfitrd ‘Ilhwndtlt,lllv illfiqutv 1,

A /.’I (m d;dmrt!,r ,,1Ilton tub,.lrlltf,1~ fllt(l(III,(I!(Ian ad,iu,ffihlv <,lnll,lvhtIldI,I whlth (dn b

t.rdn’, lIlff Il I II I hrov nrl lIIlqI)na 1 dlro( ! itm,, an[l r(It at lid alIIIIIt I hI, Iil,ln(, (If ln[ Iffvn( II for f, I I jp.,(,.

mvt rv awl rvf IVII,4111IInlt,,l,.tir(,lllt.tlt<, lhr m,llrl1,1I in 1111,,,hIIt II~rIIrt I..lwam ., IIIItI I, 1 I I. V.Ip(, r,l IIIII

OtIt II tl)I, .,u I), ,I 1,111, wi th I hI, f 1 1111 t hlI \III. I,\ ( OIIfrIll lPII IIV ,1 qII,Irt/ I ry.. t,ll m)tli 1111 .

I Vl,!lllll, I II lp\[lmltl, r.

1 hr III I, I t II v I., 111111 r. I 1 I lI\IIIII;. t I. I IWIII IIIVILII 1111 fmI :IIIV ( h,ImlII,r II. ,, I;,lIIII 11111 mo[lr I I II)IIAI f .

r(ltdt il, q dII,ITv; rI , dIIt ImI(ll I,Il III I Ip,.omf,li,f WI III d III I IIW 111111111,11.rI I iqlll ,.(1111{ P. lIIP %11111(f, and

flI, ,1, ( 1111 mall,,, rf thr PI 1 Ip,.(unvlt,l ,Ir I. 11)1 ,1t PI! IIIIf ., 1111, I hI, IIIIV I haml)r! aml v 11.w t III. .,,lII,lIlf.

th!’(11 (111 fll~,l, (l ,, I I II ,1 Wlnffllw, Ill [11’IIP) 11, Ovlllll Ilr(lllll, m,. Wlltl ,,l! 1,..,, (111 ‘ t wvl,f,raf urf, 11111111I*II

s ),1,1 1 11,:11,1111, Ill tt,l, fll,,l, (l ‘, I I II ,! Wllllll,w. , WI, III I I I;4.,1 ,1 dlf f!,rrt,f 1,11 m~~,),.ljtlvw,nt {If Ill! I I I IlI,,r8-

Pll,l,’11 11,11,Ilm,f 1,1 (11.1 1,1. Itlll,, , (l Ill v ( h,lllll r.., II 11!.1 111 Wl,l,f, 11,.f,,l to I ,11( 111,110 I hf. t h,ll!q,, Ill ..,ltf ,1, ,

1))1114. I. Iv, I !111, Lll,. ,.,, ,



Flqure 1. Sch%matic drawing of our iJHV deposition and
oil-free. The in situ visible PllipsomPtPr
the oxidation o_fTr~]y evaporated films.

3.] Aluminum Film O~idP layer

Th[, qrowth of a monn!ayer cf oxide on thr $urface

analysis system. All vacuum pumps arp
and XUV rpflrctwnetpr aro u$pd to nlPd SUrC

of a thin film i< aLIruuatIIlv modrleri hv
the timr ~volut inn of thr factional covpracjr parameter o, qivrn FV

d - p*p*(l-, )n (1)
dt

whrrv H is thp rdte (on~tdn! . ? is thr prrf>ur~, n is thr order par,jnrfor, dnd t is th~ tirm,,
lh~ ellip<,ornvcw dat,l for aluminum Pxpm. wl iII; x l(l-P Torr of OYVIWIIIit qlvrn iIIfiqurt, ?~ and
llw, $nlid (.urvr i< a fit of eq. (1) tII thlf da!a. lhr vrilur for R found from thlt fit i.,
7.Hq x 1(11 [mnn[]lfivcr</lor’r*min]. In ?ddlt ion, WI. find that !ht, nrdrr l]arannf~r’n - ], which
lmpli~$ that thl,. it ,1 fir~t ordrr rm[ fion. Anothor ~rf of d,lta whl~h w,I~.lakrn 011 hlumlnum

PXp(I-, PIl 10 I > 1(1- p TIIrI of ox,yqpn i.j qivl.1) tn flqurr ?II fincl thf, <n] id rurvr Iq cdl, ui;lt[. (l fp(m,

PII. (1) with th~, ratr [on<tfint and or’(frr ptxrdmotrr tfPrfII{IIIl frwm th( provlr)u$ rxporimrnf. Tho fit

to tho rf?ta in flqtlr!~ Fh II. qIIod, whift !Iwliffitrf thtxt tho Iirmxr prrl,’,uro rlrprmtrncr III II(I. (1)

1~ (err P(l for thl~ rv, a[tiov, IIW ml,, II, d rdlr [on,, t,l!ll for dlmrlnun! II,(ii(,ltv,, d \t I(kinq
lorffl[ irnt of .(l[l, whi( h nw.an~ Ihdl IJI, ,y !, 0111 Of ]()() oryq{. n molr[lll~,,, Ih,lt ~frihl, thv fr~.,, h

tilumllu IIv ~llrfalr “slit k“ t(, thr <urffitr.

h tr(ond \rt of rlllpfo,nolrl, I. bpr I ImI. IIf I. w,I,. I)orf(irdlrd 011 frl,., h ,Ilutrtllbn I,xl)f,..r(f tn wat I, I

vdpor ii),.frlIIl of oxwpn. Ihv ro. ul!. of lho+v I.k[II, I in!rnl~ art, IIKI II ,111,(1 III f IqIIrr I .I,I ,IIId It) f,),

WII(I, K vapor prr~~urrt. of ; Y l(i-’ ,Ilrr .lnd I i !() ‘ I(}rt , rr!,l)pt f \vI.ly, 1111,,, f, [1,1!,1 ,11.. (1 fit

PIIII{I! 11111 ( I ) Ii\ltl{I thr ~amo r.ito I i)ll,. tflrlt aIId nrdr. ll,ll,llllllll. I- thdt WIII.1, nl>tairlf,fl fIII tht, I) IVIII.11

d(lfll. Ilowvvl,r, thrrr l,. .4 f Inw dol.lv ,If fh~, ~larl of t,ir rPfl If tIII, 1111 w,ltor V,III(I! . 71111 ! Ire{,

dl, llly ,1 ,111.,, Iint, df Iy with 1111, prv.,~ur!, ,1,. I ,111 III. C.IIVII ft(m, thp.,,! fw,, f]qljlr.,. ItIl.. t imo (lrl,,v

mdv 110 ( nufo{l IIv ttlr l,)rm,Il lotI of Inlt Id ! 11111Ir,lt loft ..lt f,,, 1)1,1(114, 1111. ,Ilumn.lllm .,l. rf,Ii IL 11,,11 flIIII

( ,111 1111111,1(1.



Figure 2. The growth of a monolayer ~f oxide on a freshly deposited aluminum fi im expospd M
a) 2 K 10 F Torr and b) 10 F Torr of oxygen is shown in this ellipsc+netpr data, The
solid curves are calculated from a flt of eq. (1) to the data In a) and this fit
yield:. the Parameters given in thp text.

Ii(lull, J, Thp grout.h of a mnnolay~r of oxidr on a fr?shl y dppos ited a!umllum film PxPosPd to
II)~’ x If;-” Torf’and h) 10-P Torr of w,,trr vnpor 1< shown in this rllipsonwtpr d~fII,
Thl, %f,ll[f{urvr<. arr c~lculatrd with rq. (1! II<inliparami’f~~~ fit to th~ dat~ in
fiqurr i’awith thr ad(titl[~llof n timr drldv at thr ho<linninq of thv run.

:{. : Stllr(,ll I iln,(IP‘dr I,I,vol

h IMVP tIVaIII Ir(II IId \ i1i(o~ filnm 011111fpIV !al Iv prrparrd I,i1tton iul),.1r,~trf in a m,!nnv~
mInl~ql III’.to thv rYIII*lIMP II IS. pl,rfornwl WI l!),lluntinum. lhr ~p-( i,ll1~1-rpJratIon IIf fhp SUIII.!IiIIIII,
IIIvIIlvrffPvapordf In(t,Ilun.inlm,f ilm’., WI III h wrrp f,lit)~~wlurnt IV III ldl/r(l, ollf(I fhl, , i ] 1(011 \IItI.

,.trdt r,’.. 1111I ibr ,7 Iun,ltum, ~,1 I If UP i-. rv i at ivoly tr,lft~pdrvflf tII thr f,.l:’ ,11 mm HI, fbI 01 I ip,.mrj~fi,!

.,(]llr[ r nrIfl t h i ,, I)lv,;j,lrllt t(Ill w,lf rIVl II I rd t () pnh,ll, [ o thl, ~1.!l,, I 1 I vl t v !,f I IIP r I } il)t.[muf rr f [1 I hl,

f(.tmlttt ~1111 of 1,1 I 1( 1111 II) 1111. 011 lhr I, IItfa I r Of fr{ ,thlv III, IJIIC,II I*II ‘.1 I tI rv, ,

1 III* 1,1.I.111 f I. of IIIIr II I 1 tlI,, InWIIII.l m[,,l,,urrmrtlt ,, IIf III iIfc. ut(!wfh (III I. I I II (Iv ,IIr in(fl[ ,IIIwI III

f i{lilt ~.,, 4,1 JIIIl fllI 1111 II JV(II’11 ptI~’, \urI, I. (!1 I I 111- 1(II ! ,lnff 1, x 10”‘“ 1(,1’1, ~r’.l)l’lflvl’1~. 1hf,
indll dfrlf f I f (if Pq. ( I ) III lhvtI’ Illild vlIIld\ * ratr ( m“.! ,~nl l) f>..! I IO’ lll,{)fll,l ~y{r,,/ll, fr’n’l!l I

,111(1 I I ll~~,lr Ilrl,,.,!ll! 1, (11’pl,lldlwl( 1, . lhI IIldIII pdrllmrtcr for tilt. ., i I II 1111/II PVIIPIl rf,n{ t 11111 )h f[)llll(l 1( I

1,1, ;’ , whi(h ind.(lllv,. flmf 11111, i ,, a ,.P( [11111 01,(11,1 tr,lt I 1[111
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The g~gvsth of a monolayer-of o~ide on a freshly deposited silicon film expos~d to
a) 10-’ Tnrr and b)5 x 10-p Torr of oxygen is shown in this ellipscameter data. T-he
solid curves are calculated from a fit of eq. (1) to the data In a) and this fit
yields the parameters given in the text.

4. XUV Reflertometer

rhe in situ WV reflectometer, which is an +ntegral part. of our UHV vacuum chambpr, consists.—
of a capimary discharge source, a simple grating monochromter, an imaging microchannel plate
dctertnr, and a sample holdpr with several degree< of frpedom (our XUV polarizpr was not used in
these mpasurenwnts). The detector and sfimple c~n be rotated about the plane of Incfdenrr in
ordsr to measure reflectance vs anglp of incidence. The sample can also be positioned in x,y, z
translations for proper al ignnwnt. Thrre is no ~indow between the gas discharge sourrr and thr
lIHV chamhrr du~ to thp eELS.SSiVP absorption of kUV photons that would be caus~d by such a window.
The error 1P our XUV reflectance metssurements is estimated to be ~?l of the measured vdlur!.

4.1 Aluminum Film Rrflectancf,

R~flrctance vs angle of ;?, idrnrp mpasurml~nts WIJrW p~rformd cm a freshly evaporated
aluminum film at 51f.4 nm In our LIHV sy>tpm, In adcfition, UP exposed thr samplp tfisufficient
oxvq(’n in our chamht=r tn fnml a monnl vrr of surfacp oxide and UP thpn rrnwasur~d th~ rcflrc -
tance. } infi!l,v,w vpntod th~ chambllr to a Ir for shout 35 minutps bpforr pumping thv chamhrr
down affain dnd remrissurirtq thr reflvctanrp. Thr r~’ul ts of thwt= nwa>urpm~nt.s arp givpn in
fl!~urr 5, Thr calculatr,t curv~s in fiqurr 5 uf !1 ize.’previously publishpd optical rmnstan!f for
fhr oxirtr~ of silicnr and alumlnum [10,111. Thr optical constants for thr aluminum w~re fif :0
th~ rrflrc$ancv cI,!IIIfur thr frvr.h a!umjrupj film anf: !t,onuspd in ,,11 thrre calculated curvl’r,.
Thv opficdl {i,n$tants dprivrd frrrn this iinaly+is arf u vrn in tabl? 1, Thp constants glvrn in
thr column lahvlrd “old” ar~ from rpfpr~,nco 1[1.

Thr r~flrcfancv dtsta in fiqurr 5 fndicafr that therl, iI.a strong t[l[,ll-~lxtprn,ll-roflrrtanr{)
(lII!) rffrrt in alumlnum at !ifi.4 nm wavrlrngth, III addition, Ihii dat. ~ inrfi(atv’t th,lt a ~urfti(v
oxirfv Ifiyrr ha~ a vor,y srrlou~ rll,qradfn!) rffert on LIIIIXIIV rrflrctan[p of alumlntvr f.lm~.

4.2 fillrnn Film Ih,flprtan(l.

wv nwa’.urrd fho r!,fII’(farwr v< anqlo nf in( Idrnrr ISI 1,11.4nm for ,1 fr{,%hly d~llo~itrd <il 111111
film d; .,hown iII flqur?. h. W thrn prrfmnrd $Ilrfil(ti ox Idnt ion and rrrlr Ifan[r moa~lirflml,nt~011
thli <Ill(nr’ ‘.amplf- ‘.lmlIar fo thw.v alroarf,vdvr,trlfwrt fnr alumlnum. Ihr optl(,ll (Ilrlstallf.. of

th,, IIF 1(11, 1 aypr., wI, rr 01)!,} t nrd f rom puhl I \hi*d va IIIPI. ,11, in thv alumlnum r,I\II [I f), ll 1. Thr

opl 1( AI ((111 ..t,IIIf\ fnr <1 I {11)11 WPI’V ohl,llnrd from a f1! III fhr rl.flo[ t,anfr rla~,l from thv frorhlv

IIPIM),, i II,(I f f lm aml thr,.r I 011,,1,1111,, wf,r(, uwd \n thv IIlrvr ( al( uldlrd cur-vf,,, In f tqurv h. 1 h,.

opt I( ,1 I ( (,nif,lnt ~ 0111,1 lnml from t hi% work aro fnmparort to prt,vtou”.1~ II UIII I<hrd VII IIWI,. {FI tablr I ,

Iht XIIV Ivf IIVf,In{I,of F 11 i{ 011 \how,, d pronoun(rrt” II R of fv( f f hilt 1~ nof qII I tr ,l\ dram,,f 1(

,,,. tfl,ltuf ,JlllmlnllmdIIII111 lhr hiqhrr ah~orl)t I(III of \ll i(on (\Iv. k v,lluo( III fdhlv l). II 1,,
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tance vs angle of incidence for an aluminum film at 56.4 nm wavelength.
line is calculated for aluminum that is ox’de-free (corresponding to the

The
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data). The dashed 1ine is calculated for aluminum with one surface mc~olayer of oxide
(corresponding to the ● data). The dottec line is calculated for aluminum with three
surfacp mnnolayers II? oxid~ (corresponding to thp ● data).

Table 1. Optical constants at 5C.4 nm

.—-. ——

f%terial old This Uork

———. —.— -—-.

41uminur n 0.715 0.700’ 0.005
k 0.074 0.010’ 0.00?

Silicon n 0.637 0.637 ”0.005
k 0,054 0.(14 ?!0.003

-- . . .. —.-— ..—, ——— ——-— — -—.—— ——.—...- -- —.—. .— .— .... ——— — .-- ——-— -

also ~vicirnt frnillth~w rpflrrtan[ r mmsuremrnt% the, thr pr~spncr nf s.urfar~ ox
drgradps ttw XII: rrf Iwt.ancc hut not a“, drtima!fcal Iv as thr aluminum casr.

!.. Rrflrr![,r I iietimi,

lh~ Ilfrl imr of flUIIV aluminum rpflortor can al~o h~ Pvalu,Itrd with !hv XIIV

de on silicon

ref lorlanrr
mra~urrm~tnt out 1inod in thlf papvr, In ordrr to ar(ompl ish thin, mra<urxvwnt , WII nvrrcoatxvl the
o~lrli~rd aluminum s,.mplr with a Irrsh la,~cr of nluml nun In tht WV ~v~t.,m. W fnrasurrd thr
rvflr[ tancf~ v< anqlr nf in[ ldtvwr for thl> frr~,h fIIm (indir.ltrd in fIqurr 7) tin(llh~n ~llowrd
!hr fiIm !.11I,i! ill!hv IIHV chamtwr fo}. 4 hoekt. rhr prr{furc in thv IIHV rhamlw,r rlurintlthii~ I1fr
t!h,,t wa< qrodff, r than ;’ x 1(1-” lorr (mof!ly hrlium frnm ollr XIIV ~nl:rlr). Af Ior fhr four wvrt I.Of
rlJI~~IVlf Imr, thr rIIflrrlllnIP w,Ii rrmr,lturrd afld 1111,,rrsult l,.qivrtl illfiqurl, 7. UP Wl,rl, V{,”.v

p lII,I\rri t II oh~rrvv t hit I hr rrf 1111t an{ c dIVII,Idm 11111,1111i no Itlis IIIIL tf.,.f wa,, minimal.
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Rpflpr-tancr VS anqlr of incld~nc~ fnr a frmsh aluminum film nvrrcnatinq n prwlou>ly
clrprw)t.~d and oxidizmt aluminum film (folirt llnr nnri + datn). Thl,. sfimr film ii
mra~urrd aqa illdfti=r four wrrIki in our LfW s.vstem at a ht=lium prmsurt, of 7 x 1[~-”
Torr nr qreatpr (rlottd Iin? and u data). lh~ inter fprrn{ r rfft=r! <WI] ho fwren 35’
and 45” i< cfuv 10 %uhsurfdrr reflert inljf from thv suhr.tratr and ovrr[o,ltfvlaluminum
plu~ IJxidr lavr, ,;.



6. Conclusions

lhe formation of surface oxides on aluminum and sil icon films freshly deposited in an UHV
system have been observed with visible PI lipsometry. A monolayer of surfac~ oxide forms on the
alumintwr when exposed to sufficient oxygen or watmr vapor with a sticking coefficient of .05 in
each case. There is a significant time dela~ before the start of the formation of the oxide
monolayer for water iapor, whereas there is n@ delay in the casp of oxygen exposur~. Similarly,
a monolayer of sup face o~idp form or, iresh silicon, wh~n exposed co a suffici~nt quant ;ty of
ox-vgi=n,wi th a .01 stirkivg rqe**iclnrt, <ili~~m d~p~ :~~ 4~1- 2P ~yjdp in our ~Hv ~h.a~~rr ~~r~

exposed to water vapor press~res as high as 10-L Torr.

XUV reflectance vs angle of incidence measurements on aluminum and sil icon films freshly
evaporated In our UHV chamber and subsequently exposed to oxygen indicate substantial reductions
in reflectance caused by the oxide. Optical constants determined by our measurements indicate
lower absorption values for both alum!num and silicon than previously publ ished valws. The
lower values of the absorption ir,dex k obtained in this study are probably due to the high purity
of the starting material and the lack of any oxidation during the deposition in our UHV chamber,

A four week 1ife test for an aluminum reflector indicated that minima? degradation of the
reflectance occurs when the mirror is kept Tn an UHV system with minimal oxygen and water vapor
partial pressurps.

The authors would like to acknowledge the financial support provided to this project by the
Institutional Research and Development funds of the Los Alamos National Laboratory.
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